Abstract: High spectral resolution spectrometers were used to detect optical signals of ongoing plant stress in potted white clover canopies subjected to ozone fumigation. The case of ozone stress is used in this manuscript as a paradigm of oxidative stress. Steadystate fluorescence (Fs) and the Photochemical Reflectance Index (PRI) were investigated as advanced hyperspectral remote sensing techniques able to sense variations in the excess energy dissipation pathways occurring when photosynthesis declines in plants exposed to a stress agent. Fs and PRI were monitored in control and ozone fumigated canopies during a 21-day experiment together with the traditional Normalized Difference Vegetation Index (NDVI) and physiological measurements commonly employed by physiologists to describe stress development (i.e. net CO 2 assimilation, active fluorimetry, chlorophyll concentration and visible injuries). It is shown that remote detection of an ongoing stress through Fs and PRI can be achieved in an early phase, characterized by the decline of photosynthesis. On the contrary, NDVI was able to detect the stress only when damage occurred. These results open up new possibilities for assessment of plant stress by means of hyperspectral remote sensing.
Introduction
Environmental stresses come from a variety of factors which, besides very specific effects, often limit the potential growth of vegetation. Plants respond to the onset of the stress condition with a variety of coping mechanisms [1] aimed at compensating the adverse effects of the stress. Afterwards, if the stressor is not removed, the overload of these mechanisms may lead to a progressive loss of plant vitality causing severe reductions of plant productivity.
The detection of an ongoing stress in its early phase is critical information required for taking action for its mitigation. For example, the early detection of drought or nutrient deficiency in crops would allow farmers to manage water or fertilization supplies in order to avoid a production loss.
Remote sensing (RS) offers a unique opportunity for mapping vegetation stress and monitoring its time course. From a RS point of view, the state of stress has been expressed by changes of optical signals (e.g. Normalized Difference Vegetation Index, NDVI) related to some canopy variables (e.g. leaf area index, LAI, and chlorophyll concentration) [2] [3] [4] [5] [6] . However, when canopy chlorophyll concentration or total leaf area are affected by the stress, damage to the plant has already occurred, and plant status is compromised.
In an earlier stage of the stress and before damage has occurred, photosynthesis declines. In such conditions, the absorbed light exceeds the photosynthetic demand. This light surplus is dissipated by plants to avoid light-induced oxidative damage. Two dissipation processes compete for this energy surplus: chlorophyll fluorescence and non-photochemical quenching, NPQ [7] . Fluorescence is the process by which the light energy absorbed by chlorophyll pigments at one wavelength is re-emitted at a different wavelength [8] . NPQ involves acidification of the thylakoid lumen, the operation of the xanthophyll cycle and specific components of the antenna [8] for the thermal dissipation of excess energy.
As a result, when a stress factor depresses the rate of photosynthesis, the excess energy is mostly diverted from chlorophyll to xanthophyll cycle pigments as part of NPQ with a related reduction in fluorescence. Hyperspectral sensors (i.e. high number of narrow bands) nowadays allow the remote detection of the variation of these energy dissipation processes by sun-induced steady-state fluorescence (Fs) and the Photochemical Reflectance Index (PRI). The Fs signal emitted by plants can be detected passively by examination of the faint radiance in very narrow dark lines of the solar incident irradiance (Fraunhofer lines), caused by atmospheric absorptions. Fs detection requires a spectroradiometer with a subnanometer spectral resolution since the exploitable Fraunhofer lines are typically 0.5 to 2 nm wide, while PRI can be investigated by traditional portable high spectral resolution sensors (2 to 5 nm).
Background information on hyperspectral techniques used in this work to retrieve these variables is given in Section 2.
The objective of this research was to investigate the feasibility of detecting stress in its early phase using Fs and PRI at the canopy level by means of hyperspectral sensors. A case study of ozone (O 3 ) stress development on potted white clover canopies is presented. Ozone toxicity is due to the induced imbalance between the production and the scavenging of reactive oxygen species (ROS) in plant cells. This imbalance, referred to as oxidative stress, is caused by a variety of adverse abiotic (i.e. high light, drought, low temperature, high temperature, mechanical stress) or biotic (i.e. pathogen attack) stress conditions [9, 10] . Therefore, the case of O 3 exposure is used in this work as a paradigm of stress development.
RS of energy dissipation pathways

Steady-state fluorescence
Under natural solar light, plants fluoresce continuously adding a weak emitted signal (about 1% of the absorbed light in the visible part of the spectrum), the so-called sun-induced steady-state fluorescence (Fs), to reflected solar radiation. Fs can be quantified passively (i.e. without artificial excitation sources) in the Fraunhofer lines in which solar incident irradiance is strongly attenuated. In the visible and near-infrared, the solar irradiance spectrum at ground level exhibits three main bands which have been exploited for this purpose [e.g. 11, 12] : the solar atmosphere hydrogen absorption band, Hα (656.3 nm) and the terrestrial atmosphere oxygen absorption bands B (687 nm) and A (760 nm). The oxygen absorption bands have been used more extensively than the Hα because they are spectrally closer to the peaks of chlorophyll fluorescence emission spectra positioned at about 690 and 740 nm as shown in Figure 1 , where the reflectance and the chlorophyll fluorescence spectra of a green leaf are depicted. The oxygen A band was exploited in this work because it is larger (in terms of bandwidth) and deeper (in terms of attenuation with respect to continuum) than the B band [e.g. 13] .
Details of the internal structure and frequency features of the A band can be observed in the incident solar radiance spectrum (L i , continuous black curve in Figure 2 ) collected with a very high spectral resolution spectrometer. The radiance upwelling from the vegetated target (L s , dashed curve in Figure 2 ) at a given wavelength can be expressed as the sum of a reflected and an emitted flux (i.e. fluorescence):
where ρ is the actual reflectance (free of the emission component). In the A band (up to more than 90% of attenuation), fluorescence can be detected by measuring to what extent the "well" shown in Figure 2 is filled by fluorescence relative to the continuum [14] . This technique forms the basis of the Fraunhofer Line-Depth (FLD) method for the estimation of fluorescence [11] . The method requires the measurement of L i and L s in two narrow spectral bands (at the border and at the bottom of the well). Fluorescence is then computed by the determined linear system formed with equation (1) evaluated at these two wavelengths, on the assumption that the fluorescence flux and the reflection coefficient are constant [e.g. 11, 12, 15] . However, considering the shape of fluorescence and reflectance curves in the A band region (Figures 1 and 2 ) it appears that the approximation of constant Fs and ρ is not appropriate. A modelling approach overcoming this limitation was proposed by Meroni and Colombo [13] . This approach requires a large number of spectral channels within a single Fraunhofer line (as shown in Figure 2 ) and assumes linearity for ρ and Fs in the A band region. The upwelling radiance is therefore expressed as follows: (2) where λ 0 is the lower wavelength limit of the spectral range considered and d/dλ is the derivative with respect to wavelength. With the large number of spectral observations provided by very high spectral resolution spectrometers, an overdetermined bilinear system can be formed with equation (2). The four unknowns (i.e. gain and offset of the linear ρ(λ) and Fs(λ) functions) are estimated solving the system with the Ordinary Least Square (OLS) for bilinear equations.
Photochemical Reflectance Index (PRI)
Non-photochemical quenching is a process that thermally dissipates the absorbed light energy in photosystem II (PSII) that exceeds the photosynthetic demand, thus minimizing light-induced oxidative damage. Although the exact mechanisms of NPQ are not completely understood, recent experimental works support the hypothesis that zeaxanthin formation, via the xanthophyll cycle pigments, is responsible for the majority of dissipation of the excess excitation energy [16] [17] [18] [19] . Under excess light, violaxanthin is converted rapidly via the intermediate antheraxanthin to zeaxanthin (i.e. de-epoxidation), and this reaction is reversed under low light levels (i.e. epoxidation) [20] .
The interconversion of the xanthophyll cycle pigments can be detected in leaves through a change in the absorbance at 505-515 nm [21] or in the reflectance at 531 nm [22] .
The Photochemical Reflectance Index (PRI) was proposed by Gamon et al. [23] using two wavelengths: 531 nm, which is affected by xanthophyll de-epoxidation, and 570 nm which is the reference waveband. The PRI is formulated as follows: (3) where R refers to the narrow-band reflectance centered on the stated wavelength. PRI values decrease as the xanthophyll de-epoxidation state increases. Treated plants were exposed to chronic O 3 fumigation (100 ppb O 3 , 5 h d -1 ) for three weeks in a controlled environment fumigation facility described in Nali et al. [24] . Control plants were maintained under the same experimental conditions and exposed to charcoal-filtered air.
Ozone exposure was expressed in terms of AOT40 (Accumulated exposure Over a Threshold of 40 ppb) which is defined as the sum of the differences between the hourly mean O 3 concentration (in ppb) and 40 ppb for each hour when the concentration exceeds 40 ppb, accumulated during daylight hours [25] .
Data collection
Meteorological, physiological and spectral measurements were collected outdoors under natural solar illumination at 10:30 a.m. (solar time), as suggested by Amoros-Lopez et al. [26] , during six field campaigns conducted from day 0 (before the beginning of fumigation) to day 21 of the fumigation treatment. The onset of stress was monitored daily from day 0 to 4. The last field campaign was conducted after 21 days of fumigation in order to investigate the damage phase of stress.
Spectral measurements were acquired in clear sky conditions over three areas of the canopy. Subsequently, six fully expanded leaves from separate plants in the upper portion of the canopy were used for physiological measurements. Leaf dry matter content and LAI were destructively measured at the end of the experiment.
Spectral measurements
Two HR4000 holographic grating spectrometers (OceanOptics, USA) characterised by different spectral resolutions were used in the experiment. Both sensors employ a 3648-element linear CCD array (Toshiba TCD1304AP, Japan). Spectrometer 1 was used to estimate Fs at the oxygen A band. Spectrometer 2 was used for the computation of PRI and NDVI. Sensor characteristics are reported in Table 1 .
Spectrometers were calibrated before the field campaign with known standards (wavelength and radiance calibration sources). Measurements were acquired using bare fiber optics with an angular field of view of 25° to measure from nadir a circular area of the canopy of 10 cm in diameter. The fibers were mounted on a rotating arm in order to observe three areas per each canopy.
A calibrated white reference panel (50x50 cm 90% reflectance, Optopolymer GmbH, Germany) was employed to estimate incident irradiance. The field spectroscopy technique referred to as 'single beam' [27] was employed: target measurements are 'sandwiched' between two reflectance standard panel measurements made a few seconds apart. The radiance of the reference panel at the time of the target measurement is estimated by linear interpolation. This technique is based on the assumption that incident irradiance varies linearly between the two reference panel measurements. For every spectral acquisition, 4 and 15 scans (spectrometers 1 and 2, respectively) were averaged and stored as a single file. Additionally, a dark current measurement was collected for every subset of three acquisitions. Spectrometers were housed in a Peltier thermally insulated box (model NT-16, Magapor, Zaragoza, Spain) keeping the internal temperature at 25°C in order to reduce dark current drift. Spectral data were acquired and processed with dedicated software [28] . Processing of raw data included: correction for CCD detector nonlinearity, correction for dark current and dark current drift using optically black pixels, wavelength calibration and linear resampling, radiance calibration, incident irradiance computation by linear interpolation of two white reference measurements.
The spectral interval used for fluorescence estimation in the A band (Fs 760 ) according to equation (2) was set to 759.00 -767.76 nm for a total of 439 channels used.
An index of fluorescence efficiency at 760 nm, normalized fluorescence (NFs 760 ), was calculated as the ratio between Fs 760 and the radiation incident in a nearby 15 nm region of the continuum [29] .
In order to estimate xanthophyll-related NPQ, the PRI was computed according to equation (3) . Furthermore, the traditional optical vegetation index NDVI, potentially capable of detecting the damage phase, was calculated as follows: (4) 
Physiological measurements and meteorological dataset
The leaf net CO 2 assimilation rate was measured with a portable infrared gas analyzer (CIRAS-1, PP-Systems, Stotfold, UK) equipped with a Parkinson leaf chamber (details are reported in [24] ). Measurements were performed at ambient CO 2 concentrations and illumination. Active fluorimetry measurements were acquired with a portable fluorimeter (PAM-2000, Walz, Effeltrich, Germany) under natural illumination. The quantum yield of electron transport through PSII (ΔF/F m ') was determined as (F m ' -F t )/F m ' [30] , where F m ' is the maximum fluorescence of the light-adapted sample and F t is the chlorophyll fluorescence yield under natural illumination. The maximum photochemical efficiency of dark-adapted samples (F v /F m , where F m is the maximum fluorescence and F v is the difference between the maximum and the baseline fluorescence) was measured before dawn.
Relative chlorophyll concentration was estimated by a SPAD 502 (Minolta, Tokyo -Japan) leaf chlorophyll meter (three readings per leaf).
In addition, destructive measurements of LAI were performed at the end of the experiment with a portable area meter (Model LI-3000, Li-Cor). Leaf dry matter content was calculated by drying the leaves at 80°C in an oven until constant weight (dry weight) was reached.
Assessment of visible O 3 injury was carried out in terms of percentage of injured leaves, according to the ICP (International Cooperative Programme) Vegetation Experimental Protocol [31] .
During measurements, air temperature and RH (Rotronic, Germany), total and diffuse incident PPFD (BF3, Delta-T, UK), were continuously logged (DL2, Delta-T, UK). Ambient temperature ranged from 18 to 27°C, RH from 62 to 81% and incoming PPFD from 900 to 1400 µmol m -2 s -1 .
Statistical analysis
Comparisons between control and treated plant variables were performed according to Student's ttest. The level of statistical significance was set at P = 0.05 (ns : P > 0.05; * : P ≤ 0.05; ** : P ≤ 0.01; *** : P ≤ 0.001). Physiological measurements are expressed as the mean of measurements collected on single leaves (six leaves per thesis) while spectral measurements are expressed as the mean of measurements acquired on three areas of the canopy.
Results and Discussion
Time series of the investigated variables measured at 10:30 a.m. (solar time) were generated in order to analyze differences between control and treated plants as the stress developed. Physiological and spectral variables monitored over the 21 days experiment are shown in Figures 3 and 4 , respectively.
On day 0, both physiological and spectral measurements indicated that control and treated plants were in similar vigour before fumigation (i.e. no significant difference observed in any variable).
Afterwards, physiological measurements suggested that treated plants experienced increasing stress due to chronic O 3 fumigation. Upon exposure to O 3 , plants showed lower photosynthetic rates with respect to controls (Figure 3a) , evidenced by a significant decrease in the net CO 2 assimilation rate from day 1 and active fluorescence quantum yield (ΔF/F m ') from day 4 (Figure 3b ). These observations are in agreement with other studies and show that O 3 is able to impair photosynthetic activity, reducing carboxylation efficiency and altering the light reactions of photosynthesis, decreasing the electron transport rate between the two photosystems [32] [33] [34] [35] [36] [37] .
A significant decrease in maximum photochemical efficiency of dark-adapted samples (F v /F m ), which is commonly considered a sign of photoinhibition [38] and has frequently been observed in plants subjected to chronic O 3 fumigation [39] [40] [41] , was experienced by treated plants after 21 days of fumigation (Figure 3c ), when visible injury appeared as sparse dark stipples on 10% of treated leaves and the relative chlorophyll concentration was significantly reduced (Figure 3d) . Observations of chlorophyll degradation connected to senescence-like mechanisms have been reported as a common effect of O 3 exposure. According to Castagna et al. [42] , this degradation may be due to damage (chlorophyll breakdown caused by O 3 -derived ROS) or acclimatization (chlorophyll breakdown as plant strategy to avoid excessive light interception in the antennae). Physiological measurements illustrated the evolution of vegetation response to a stress agent: the early phase of stress (i.e. photosynthesis decline) is followed by the damage phase characterized by senescence-like mechanisms manifested as chlorophyll degradation. This stress gradient allowed us to investigate the capability of remotely sensed Fs and PRI to monitor stress development.
Fs variables derived from very high resolution data, Fs 760 and NFs 760 , responded immediately to O 3 exposure (Figures 4a and b) . Their average value at canopy level decreased significantly in treated samples with respect to controls after 1 day of treatment, as net CO 2 assimilation. Besides vegetation photosynthetic activity Fs 760 responds to the magnitude of incident PPFD which varies from day to day because of different atmosphere optical properties. On the contrary, NFs 760 , being normalized by the magnitude of incident radiation, is more stable during the course of the experiment (Figure 4b) .
A greater recourse to photoprotective mechanisms in treated samples with respect to controls is shown by PRI from day 3 (Figure 4c ) when ozonated plants activate the xanthophyll cycle to protect the photosynthetic apparatus from the excess energy absorbed as observed by other authors [42] [43] [44] . These results are in agreement with those of other authors [45, 46] thus indicating that traditional vegetation indices are sensitive to the damage phase of the stress, when chlorophyll concentration is altered and visible injuries have already occurred.
Briefly stated, it is shown that Fs and PRI measured at canopy level decreased significantly in treated plants as oxidative stress developed, thus confirming results previously observed at leaf level [47] . These results are in agreement with recent studies on RS detection of plant stress which showed a reduction in Fs and PRI values after prolonged oxidative stress [48] [49] [50] [51] [52] . It is also shown that NDVI decreased significantly with chlorophyll depletion and the appearance of visible injuries at the end of treatment.
Conclusions
In this research hyperspectral sensors were used to investigate the detection of ongoing plant stress by advanced RS techniques. A three-week O 3 fumigation experiment was conducted on potted white clover canopies. Physiological variables together with hyperspectral remote sensing measurements were collected.
Physiological measurements showed plant response to stress: net CO 2 assimilation and fluorescence quantum yield of treated samples were reduced with respect to controls after one and four days of fumigation, respectively. Maximum photochemical efficiency and relative chlorophyll concentration decreased significantly at the end of treatment when visible injuries occurred.
Spectral measurements acquired by two high spectral resolution spectrometers (FWHM = 0.13 and 2.8 nm, respectively) were used to calculate steady-state fluorescence variables (Fs 760 and NFs 760 ), PRI and NDVI.
Experimental data showed that the early phase of stress characterized by the decline of photosynthesis was successfully monitored by steady-state fluorescence variables (Fs 760 and NFs 760 ) which showed a significant decrease in plants exposed to O 3 after only one day of fumigation, similarly to net CO 2 assimilation. PRI values were significantly lower with respect to controls after three days of O 3 exposure. NDVI decreased significantly in the damage phase of stress (end of treatment) characterized by chlorophyll depletion and the appearance of visible symptoms.
Briefly stated, it was shown that recent hyperspectral RS methods that sense the energy dissipation pathways of the plant (i.e. steady-state fluorescence and PRI) are able to detect early stress symptoms of a generic oxidizing agent such as O 3 and can be integrated with traditional vegetation indices (i.e. NDVI) to monitor the evolution of plant response to stress.
Spectral measurements were conducted outdoors, under natural environmental conditions, with commercial high resolution field spectrometers to demonstrate that this technique is not confined to laboratory measurements but is promising for landscape level applications, using digital images acquired with airborne or satellite hyperspectral sensors.
A global satellite mission for sensing solar-induced fluorescence is currently under evaluation (ESA-FLEX, European Space Agency-FLuorescence EXplorer, [53] ) and will open interesting perspectives for the early detection of plant stress at landscape level. However, upscaling of these methodologies still requires investigation on challenging issues such as the precise correction of atmospheric effects that might influence the estimation of steady-state florescence variables and PRI, recently proven feasible on MERIS satellite data by Guanter et al. [54] . A better understanding of the influence of canopy structure, background and viewing geometry on PRI and steady-state fluorescence signals is also needed in order to map these variables in natural ecosystems with heterogeneous ecological characteristics. The recent availability of an integrated leaf-canopy fluorescence model (ESA, FluorMOD project, [55] ) should provide the necessary tool for investigating these interactions by means of the simulation of canopy reflectance and fluorescence signals for varying canopy variables and viewing geometries.
